Although evolution has shaped human infant crying and the corresponding response from caregivers, there is marked variation in paternal involvement and caretaking behavior, highlighting the importance of understanding the neurobiology supporting optimal paternal responses to cries. We explored the neural response to infant cries in fathers of children aged 1-2, and its relationship with hormone levels, variation in the androgen receptor (AR) gene, parental attitudes and parental behavior. Although number of AR CAG trinucleotide repeats was positively correlated with neural activity in brain regions important for empathy (anterior insula and inferior frontal gyrus), restrictive attitudes were inversely correlated with neural activity in these regions and with regions involved with emotion regulation (orbitofrontal cortex). Anterior insula activity had a non-linear relationship with paternal caregiving, such that fathers with intermediate activation were most involved. These results suggest that restrictive attitudes may be associated with decreased empathy and emotion regulation in response to a child in distress, and that moderate anterior insula activity reflects an optimal level of arousal that supports engaged fathering.
INTRODUCTION
In modern western societies, sensitive and responsive fathering improves a child's social, psychological and educational outcomes (Cabrera et al. 2000; Sarkadi et al., 2008) . Nevertheless, there is remarkable variation in paternal involvement (Hrdy, 2009) , with father absence increasing over the last half of the 20th century (Cabrera et al., 2000) , and marked disparity in quality of parenting among involved fathers (van Ijzendoorn and De Wolff, 1997) . Crying is a pre-verbal child's primary means for eliciting parental care, and evolutionary processes have shaped infant crying to influence parental behavior through negative reinforcement, with parental caretaking behavior leading to reduction of the aversive, cry stimulus, thus leading to increased caretaking over time. While largely effective, crying is also a known trigger of shaken baby syndrome (Lee et al., 2007) and other types of fatal child assault (Cavanagh et al., 2007) . Taken as a whole, these data suggest that optimal parental responsiveness to infants requires a sensitive balance of empathy coupled with the ability to regulate strong negative affect, highlighting the importance of identifying neural responses that support this balance.
Although the importance of pregnancy-related hormone changes for maternal caregiving has long been appreciated, several lines of evidence suggest that paternal hormone levels, including oxytocin (OT), prolactin (Prl) and testosterone (T), also influence paternal behavior. First, circulating levels of these three hormones change when human males become fathers, and individual differences in these hormonal changes have been linked with differences in the quantity or quality of paternal investment (Storey et al., 2000; Gordon et al., 2010a,b; Gettler et al., 2011 Gettler et al., , 2012 . Second, all three hormones impact parental responses to cry stimuli. Exogenous administration of OT decreases frustration responses to cry stimuli in nulliparous women (Bakermans-Kranenburg et al., 2012) and enhances neural responses to cries in regions that are thought to be important for empathy [anterior insula (AI) and inferior frontal gyrus (IFG)] (Riem et al., 2011) . Prl levels in new and expectant fathers are positively associated with self-reported concern in response to baby cries (Storey et al., 2000) and with more positive responses to infant cries (Fleming et al., 2002) . In contrast, T levels are negatively correlated with self-reported sympathy and desire to respond to the crying infant (Fleming et al., 2002) , a result that is consistent with T's more general negative impact on empathic responding (Eisenegger et al., 2011) . Together, these studies suggest that OT and Prl may support sensitive responses to infant cries by enhancing activity in neural systems important for empathy and emotion regulation, whereas T may interfere with these systems.
The impact of hormones on paternal behavior and brain activity will depend not only on their circulating levels but also on the brain's sensitivity to them as reflected in receptor density. For example, the number of CAG trinucleotide repeats in the first exon of the androgen receptor (AR) gene is inversely correlated with expression (Choong et al., 1996) , as well as in vitro sensitivity of the receptor (Chamberlain et al., 1994) . The number of CAG repeats in the AR gene has an inverse relationship with aggression and with brain activity in response to threatening facial expressions (reviewed in Carré et al., 2011) .
In addition to potential hormonal and genetic influences, paternal behavior is also influenced by parenting attitudes and beliefs (Deković et al., 1991) . Parental restrictiveness is described as an endorsement of strict and punitive rules and requirements, and it is linked with poorer child outcomes (Smith et al., 2000; Lindhout et al., 2009) . In contrast, parental nurturance is described as the willingness of parents to share and accept their child's feelings and respond to the child's needs and it is consistently associated with positive child outcomes (e.g. Amato and Fowler, 2002) . It is possible that these attitudes modulate a father's neural response to children, perhaps by influencing the neural systems related to empathy and emotion regulation.
Empathy is defined as an affective reaction similar to, and evoked by, another's affective state (de Vignemont and Singer, 2006) , and the neural systems related to it have been investigated using a variety of paradigms. Consistently, both the perception (audio and visual) and the contemplation of the suffering of another commonly elicit activation in a network of brain regions commonly referred to as a salience network (Seeley et al., 2007) , including anterior mid-cingulate cortex, bilateral AI and ventral frontal operculum (Singer et al., 2004; Botvinick et al., 2005; Jackson et al., 2005; Lamm et al., 2010) . Activity in the AI, particularly on the right side, may represent a simulated mapping of the observed individual's body state onto one's own (Tania Singer et al., 2009) , which is foundational for an empathic response. Importantly, activity in AI predicts later helping behavior, suggesting that its activity is related to prosocial emotions and motivation (Batson, 1998; Hein et al., 2010) . In the specific realm of parental empathy, the AI is also consistently activated in response to infant cry stimuli (Rilling, 2013) .
However, recent evidence suggests that the neural state supporting empathy for another's suffering may differ from that supporting the compassionate desire to help the sufferer (Klimecki et al., 2013) . In fact, extensive evidence from social psychology has shown that empathic over-arousal leads to personal distress, which interferes with helping behavior (Eisenberg, 2000; Batson and Powell, 2003) . Empathic over-arousal might also interfere with effectively responsive parenting. For example, maternal intrusiveness during a play session was positively correlated with activity in the AI (Musser et al., 2012) . The authors interpreted the finding as suggesting that overly empathic responding led to intrusiveness. Similarly, Strathearn et al. (2009) found that insecure mothers have a stronger AI response to their own infant's sad facial expression compared with securely attached mothers. One parsimonious interpretation of these data is that there is an optimal level of empathyrelated neural responding that supports effective parenting, beyond which leads to maladaptive parenting styles or withdrawal.
The findings reviewed earlier also highlight the importance of emotion regulation for parental caregiving. The orbitofrontal cortex (OFC) has been consistently implicated in emotion regulation (Goldin et al., 2008) , and may be particularly important for regulating negative affect in response to aversive cries. Mother's depression scores are inversely related to activity in the OFC in response to cries , and mothers who more strongly activate the lateral OFC in response to their infant's cries, which the authors interpreted as increased emotion regulation, have less activity of the hypothalamuspituitary-adrenal (HPA) axis in response to the Strange Situation (Laurent et al., 2011) .
Previous functional MRI (fMRI) studies have examined father's neural response to infant cries (Seifritz et al., 2003) . Here, we extend these studies to ask how this neural response relates to hormone levels, variation in the AR gene, paternal attitudes and paternal behavior outside the MRI scanner. Given the role of the AI in empathy, we hypothesized that activity within the right AI would be positively related to plasma levels of OT and Prl, but negatively correlated with plasma T levels. Given the inverse relationship between CAG repeats and AR expression, we hypothesized that the number of CAG repeats would be positively correlated with AI activity. We further expected a negative correlation between AI activity and restrictiveness, and a curvilinear relationship between AI activity and paternal caregiving behavior. We also hypothesized that activity in the prefrontal cortex, a reflection of a father's ability to regulate a negative emotional reaction to crying, would be negatively correlated with T, AR expression as reflected in CAG repeat number, and positively correlated with the degree of paternal caregiving.
MATERIALS AND METHODS Subjects
Enrollment in the study required participation by the father, mother and child. The study was approved by the Emory Institutional Review Board, and all participants gave written informed consent. A group of 36 biological fathers of children age 1 or 2 who were currently cohabitating with the child's mother were recruited using flyers posted around the Emory campus, and at local parks and daycare centers. Fathers had normal or corrected-to-normal (with contact lenses) vision and were screened and excluded for self-reported history of head trauma, seizures or other neurological disorder, psychiatric illness, alcoholism or any other substance abuse, serious medical illness, claustrophobia, and for ferrous metal in any part of body. Fathers were between the age of 21 and 55 (M ¼ 33.0, s.d. ¼ 6.10) and had between 1 and 4 children, with 2 as the modal number (M ¼ 1.94, s.d. ¼ 0.86) (see Table 1 ).
Design First, the mother completed self-report parenting questionnaires (described below). In a separate session, fathers began by completing self-report parenting questionnaires. Next, we acquired a saliva sample for genetic analysis and 16 ml of blood was drawn for hormone assays. Subjects were then positioned in the MRI scanner where they received structural and fMRI scans of their brain.
Parenting questionnaires
To measure caregiving, we used a Parental Responsibility Scale (S.Goodman, personal communication) that combines two scales, the McBride & Mills Parental Responsibility Scale and the Montague & Walker-Andrews Child Care Activity Questionnaire (McBride and Mills, 1993; Montague and Walker-Andrews, 2002) . The measure asks the parent to designate who has primary responsibility for 24 tasks along a five-point scale (e.g. 'Take the baby to preventative health care clinic'), ranging from 1 (mother almost always) to 5 (father almost always). Responsibility is defined for the parent as remembering, planning and scheduling the task. The measure also allows parents to report 'N/A' if the item is not applicable to their family (e.g. 'Pick up baby at day care/sitter'). If 'N/A' was chosen for an item, we performed a mean replace using that participant's mean score. Answers were summed to create a 'caregiving' score, such that a higher relative score reflected greater paternal caregiving. If mothers and fathers were equally responsible for all items, the total score would be 72. To measure parenting attitudes we used the modified Block ChildRearing Practices Report (CRPR) (Rickel and Biasatti, 1982) , which assesses parental attitudes and values using 40 items and a Likert type format. Previous work shows that the items load onto two factors, nurturance (e.g. 'He usually takes into account our child's preference when making plans for the family') and restrictiveness (e.g. 'He believes that a child should be seen and not heard'), and that it has good reliability and construct validity (Deković et al., 1991) . The CRPR was altered in two ways for use in this study. First, the wording was modified so that mothers could evaluate the fathers' beliefs and values. Second, 12 items were omitted prior to administration because they were not applicable to the age of the children in the study (e.g. 'He believes children should not have secrets from their parents'). The final CRPR had 11 items from the nurturance subscale and 17 items from the restrictiveness subscale.
Hormone assays Blood samples were centrifuged at 48C within 20 min of blood draw. Plasma was collected and frozen at À808C until assayed. Assays were analyzed in duplicate by the Biomarkers Core Lab of the Yerkes National Primate Research Center at Emory University using coated--tube radioimmunoassay kit (OT: Cat# ADI-901-153, Lot# 10241239A; Prl: Cat# IM103, Lot # PRL 011112; T: Coat-A-Count Total Testosterone, Cat# TKTT1; Siemens, Los Angeles, CA). On the day of the assay, frozen plasma samples were thawed, centrifuged for 30 min at 3000 revolutions per minute, and assayed according to the protocol provided by the manufacturer. The inter-assay CV% was as follows: OT: 7.16% at 26.99 pg/ml; Prl: 6.51% at 328.34 mIU/l; T: 4.05-4.37%. The intra-assay CV% was as follows: OT: 4.41% at 27.30 pg/ml; Prl: 1.62% at 345.20 mIU/l; T: ranged from 2.07% at 136.11 ng/dl to 2.28% at 785.81 ng/dl. The sensitivity of the assays was OT: 15.60-1000.00 pg/ml; Prl: 106.00-3200.00 mIU/l; T: 6.0-1667.00 ng/dl. Prl results from one participant were omitted as his value (650.0 mIU/l) was above what is considered to be in the normal range of a healthy population [mild hyperprolactinemia ¼ 420-735 mIU/l (Corona et al., 2007) ] and was 4.8 s.d. greater than the mean of our sample.
Genetic assays
Subjects provided a saliva sample for genotyping analyses using Oragene kits (DNA Genotek). DNA was extracted using automated DNA extraction by Omega-Biotek (Omegabiotek.com). CAG repeat polymorphisms in Exon 1 of the AR were genotyped using methods described previously (Mishra et al., 2005) with some modifications. A PCR reaction was performed using a forward primer labeled with FAM as fluorophore (5 0 -FAM-CAGAATCTGTTCCAGAGCGTGC) and a reverse primer (5 0 -AAGGTTGCTGTTCCTCATCCAG-3 0 ) to amplify 10 ng dried DNA/sample in 10 ml final assay volume (1Â Buffer, 1.5 mM MgCl 2 , 0.2 mM dNTP, 0.5 mM each primer, 5% DMSO, 1.25 Units Amplitaq Gold). For cycling, the following touch down conditions were used: 958C for 5 0 , 948C for 1 0 , annealing temperature starting at 638C for 1 0 and going down to 608C with 18 decrease, 728C for 1 0 (two cycles for the intermediate temperature and 26 cycles for the final annealean temperature of 608C); final extension was performed at 728C for 10 0 . The PCR products for the AR length polymorphisms were run in ABI Gene Analyzer capillary detection system for fluorescently labeled PCR primers (ABI 3730). All fragments were automatically sized and examined using Applied Biosystems Genemapper 4.0 software. Two independent readers examined all electropherograms to confirm the automatically sized results. For quality control, allele frequencies and distribution were considered. Genetic results from one participant were omitted as his number of repeats (3) fell below what is considered to be in the normal range of a healthy population [8-35 (Hsing et al., 2000) ] and was 5 s.d. below the mean of our sample.
Samples with different base pair size were randomly selected for Sanger Sequencing. Briefly, after performing PCR for the CAG repeat as previously described, sample amplifications were evaluated on 2.5% agarose gel and then purified using QIA quick PCR purification kit (Qiagen). Following normalization of the PCR purifiedproducts at 5 ng/ml, samples were cycle sequencing using BigDye terminator plus reverse primer and ran on 3130 ABI Sequencing Machine by Omega-Biotek. Electropherogramms were evaluated using Sequencer 5.1: for each sample, the CAG repeats were manually counted and confirmed by an independent reader. The results of this analysis consistently revealed three additional CAG repeats for each participant compared with GeneMapper values, and a range of 12-25 repeats (M ¼ 20.7; s.d. ¼ 3.51).
Cry stimuli
Cry stimuli were obtained from two infants, aged 3 and 5 months. Stimuli were purchased from an online audio database (www.audio network.com), and edited to 10 s clips using online available software (www.audacity.com). Two types of control stimuli were synthesized for each cry using Praat 5.1 (Boersma and Weenink, 2009 ) and Adobe Audition 3.0 software. For one control, referred to as Con, an emotionally neutral baby vocalization was created to match the duration, intensity, spectral content and amplitude envelope of the cry stimulus. The second control, TCon, was a pure tone that preserved the mean fundamental frequency and amplitude envelop of the cry.
Participants listened to the audio stimuli through Pro Ears Ultra 28 MRI-compatible headphones, and were told prior to the task: 'You will now hear a series of sounds. You do not have to do anything except listen to them'. The six different sound files (C1, C2, Con1, Con2, TCon1 and TCon2) were presented in pseudorandom order over four blocks such that each sound was presented four times. There was an intertrial interval of 6 s between each stimulus (see Figure 1) . Each of the four blocks lasted 126 s and the total duration of the task was 8 min 24 s.
Anatomical image acquisition
Subjects were positioned in the Siemens Trio 3 T MRI scanner. Subjects lay motionless in a supine position in the scanner with padded head restraint to minimize head movement during scanning. Each scanning session began with a 15 s scout, followed by a 5 min T1-weighted MPRAGE scan (TR ¼ 2600 ms, TE ¼ 3.02 ms, matrix ¼ 256 Â 256, FOV ¼ 256 mm, slice thickness ¼ 1.00 mm, gap ¼ 0 mm).
fMRI image acquisition
Functional scans used an EPI sequence with the following parameters: TR ¼ 2000 ms, TE ¼ 28 ms, matrix ¼64 Â 64, FOV ¼ 224 mm, slice thickness ¼ 2.5 mm, gap thickness ¼ 1.05 mm, 34 axial slices. TE was minimally decreased from the typical value (32 ms) in order to reduce magnetic susceptibility artifact in the orbitofrontal region.
Functional image analysis
Image preprocessing was conducted with Brain Voyager QX (version 2.0.8) software (Brain Innovation, Maastricht, The Netherlands). The Paternal neural responses to infant crying SCAN (2013) 3 of 9 first eight volumes of each run were discarded in order to allow the tissue magnetization to equilibrate. Preprocessing involved image realignment by six-parameter 3D motion correction, slice scan time correction using linear interpolation, spatial smoothing with a 8 mm full width at half maximum Gaussian kernel, and temporal smoothing with voxel-wise linear detrending and high-pass filtering of frequencies below three cycles per run length. Images were subsequently normalized into Talairach space (Talairach and Tournoux, 1988) .
A separate general linear model (GLM) was defined for each subject that modeled the neural response to the following three regressors: Cry (C), Control (Con) and Tone Control (TCon). Each regressor was convolved with a standardized model of the hemodynamic response. The resulting GLM was corrected for temporal autocorrelation using a first-order autoregressive model. For each subject, contrasts of parameter estimates for various predictors were computed at every voxel of the brain. Each subject's contrast image was entered into a second level, random effects analysis, and one sample t-test were conducted to determine contrast effects. In order to evaluate our hypotheses of interest, we focused on [Cry À Tone Control] to assess fathers' responses to infant cries. Results were thresholded at P < 0.001, uncorrected.
Given our a priori hypotheses about the role of the AI in paternal empathy, we defined a functional region of interest (ROI) by identifying the local maximum of activity within the AI and including all activated voxels within 10 voxels of the peak in the X, Y and Z directions. Individual subject contrast values from this ROI were explored in bivariate correlation analyses with responsibility, nurturance and restrictiveness. Given our hypothesis that responsibility would have a non-linear relationship with activity in the AI, we also tested for a curvilinear relationship between activity in the AI and responsibility. Finally, we conducted a whole brain exploratory analysis using hormones, CAG repeats, restrictiveness and nurturance as covariates for the contrast [Cry À Tone Control]. Results were thresholded at P < 0.001 uncorrected for multiple comparisons and limited to activations at least 10 functional voxels.
RESULTS

Self-report
Completed measures were acquired from 34 mothers (see Table 1 for descriptive statistics). Post hoc reliability analyses revealed that all measures had good internal reliability (responsibility: ¼ 0.82, restrictiveness: ¼ 0.82, nurturance: ¼ 0.81). There was a significant correlation between age of the child and restrictiveness scores [r(32) ¼ 0.39, P < 0.05], but neither responsibility nor nurturance scores were correlated with the age of the child.
Neuroimaging
Main effect of the cry task (Cry À Tone Control) The cry stimuli robustly activated brain regions previously shown to be active in response to infant crying, including bilateral IFG extending into the AI (Lorberbaum et al., 2002; Riem et al., 2011) and bilateral globus pallidus (Kim et al., 2011) . We also observed extensive bilateral activity in the auditory cortex of the superior temporal gyrus, likely due to increased attention to the cries compared with the control stimulus, and these activations were right-lateralized as has been reported previously (Lorberbaum et al., 2002) . Table 2 Relationship between brain activity and covariates ROI analysis Individual subjects' contrast values from the functionally derived ROI in the right AI were positively correlated with number of CAG repeats [r(30) ¼ 0.40, P < 0.05], and negatively correlated with restrictiveness [r(32) ¼ À0.48, P < 0.005] (Figure 3b and c) . The correlation between the number of AR CAG repeats and AI activity was not driven by differences in ethnicity, as the correlation remained when only the Caucasian subset of the participants was analyzed (n ¼ 21) [r(19) ¼ 0.46, P < 0.05]. Activity in the AI was not linearly related to OT, T, Prl, responsibility, or nurturance scores. However, there was a significant curvilinear relationship between AI activity and responsibility: F(31) ¼ 3.49, P < 0.05 (see Figure 3d ), indicating that fathers with low and high levels of AI activity participated less in childcare. Fathers with moderate levels of AI activity had the highest levels of paternal caregiving behavior, as reported by the mother.
Whole brain exploratory analysis
The results of a whole brain exploratory analysis using OT, Prl, T, CAG repeats, restrictiveness, nurturance and responsibility as covariates for the contrast [Cry À Tone Control] are listed in Table 3 and shown in Fig. 2 Main effect of the Cry Task [Cry À Tone Control], thresholded at P < 0.001, uncorrected. STG, superior temporal gyrus; STS, superior temporal sulcus. Figure 4a and b. The analysis revealed multiple regions that were negatively correlated with restrictiveness, including the bilateral IFG stretching into the AI, anterior cingulate cortex (ACC) and medial orbitofrontal cortex (Figure 4a ). Activity in bilateral IFG and left insula was correlated with the number of CAG repeats (Figure 4b ). There were no regions in which activity correlated with OT, T, Prl, nurturance, or responsibility.
DISCUSSION
The purpose of this study was to investigate the neural systems that correlate with paternal attitudes and support paternal caregiving as well as their relationship with hormones and genetic polymorphisms thought to be important for parenting. The cry task elicited a robust pattern of neural responses consistent with previous studies of parental responses to infant cries (Rilling, 2013) . Some regions thought to be important for maternal responses to cries were not significantly active in this study, including the amygdala and the ventral tegmental area (VTA) (Lorberbaum et al., 2002; Riem et al., 2011) , raising the possibility that this reflects a genuine difference between mothers and fathers. The AI response was positively correlated with number of CAG repeats and negatively correlated with restrictive attitudes. Activity (72) at which mothers and fathers are equally responsible for their child's daily care. Scores below 72 imply that the mother does more than the father and scores above 72 imply the opposite. Paternal neural responses to infant crying SCAN (2013) 5 of 9
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in the AI had a non-linear relationship with paternal caregiving that followed an inverted u-shaped curve.
Genetics
There was a significant relationship between AR CAG repeat number and neural responses, which suggested that fathers who are less sensitive to T have increased neural responses in regions important for empathy, including in the AI and bilateral IFG. The fact that neural activity was related to genetic polymorphisms in the AR but not to actual hormone levels may suggest that differential responses are related to organizational effects that occurred early in development rather than activation effects. Related to this, relationships between AR CAG repeat number and brain activity were not seen in primate (rhesus macaque) brain regions known to be rich in AR receptors, such as the hypothalamus, lateral septal nuclei, bed nucleus of the stria terminalis and amygdala (Clark et al., 1988; Michael et al., 1989) , even at a liberal statistical threshold of P < 0.01. However, many of these regions are connected with the AI where we do find effects of AR CAG repeat number (Mufson et al., 1981) . Thus, we may be imaging downstream effects of AR binding.
Hormones
Contrary to expectations, T, Prl and OT levels were unrelated to neural responses to cries. With respect to OT, these null results may be due to potential limitations of plasma measures, which may not accurately reflect OT levels in the brain (Churchland and Winkielman, 2012; Kagerbauer et al., 2013) . However, plasma OT levels have been linked with parenting behavior (Gordon et al., 2010a,b) , and it may be that we were underpowered to find a relationship between plasma OT and brain function. Alternatively, OT, Prl and T may influence paternal brain function in response to child stimuli different from the unknown infant cries used here, and may influence paternal behavior in other ways, for example by modulating empathy in other contexts. It is also worth noting that when we include the extreme Prl data point, Prl levels were significantly related to BOLD activity in the AI ROI, and in a whole brain analysis, were significantly related to activity in the IFG and in regions important for processing and attending to auditory prosodic information, including the primary auditory cortex and the right medial geniculate nucleus (see Supplementary Figures S1 and S2 and Table S1 ). These data are consistent with previous studies linking Prl levels with attention to, and empathy for infant cries (Fleming et al., 2002) , and with monkey tract-tracing studies that link the insula and auditory cortex (Mesulam and Mufson, 1982) , and they indicate that future investigations using a larger sample with more variance in Prl levels are warranted. Furthermore, it is important to note that the studies showing effects of T and OT on neural responses to child cries have relied on exogenous administration of hormones in women (Bos et al., 2010; Riem et al., 2011) , and an important next step will be to investigate the effects of exogenously administered hormones on fathers (e.g. Wittfoth-Schardt et al., 2012) .
Attitudes and behavior
The significant non-linear relationship between activity in the right AI and paternal responsibility scores supports our hypothesis that moderate levels of activity in this region would predict optimal caregiving. Only one other study has attempted to relate paternal fMRI activity to paternal behavior outside the scanner, with the finding that fathers who exhibited more sensitive caregiving during a laboratory interaction with their child had less activity in the OFC in response to their own child (Kuo et al., 2012) . This finding is difficult to interpret within existing models of the neurobiology of parental care, which link maternal attachment with OFC activation in response to one's own child (Nitschke et al., 2004; Minagawa-Kawai et al., 2009; Laurent and Ablow, 2012) . In addition, the aforementioned study used video stimuli to elicit paternal empathy, and it is likely that different neural systems are engaged by infant cries and may differentially predict behavior. Consistent with this idea, we have found that for visual picture stimuli activity in the VTA predicted paternal caregiving (Mascaro et al., 2013) . These results are also consistent with the complex picture emerging from research on the AI. Despite its role in empathy (Lamm et al., 2010; Fan et al., 2011) and in emotion understanding (Zaki et al., 2012) , hyperactivity in the AI has long been implicated in anxiety and anxiety disorders (Critchley et al., 2004; Simmons et al., 2006 Simmons et al., , 2008 Simmons et al., , 2011 . With respect to the data presented here, it appears that moderate levels of activity in response to cry stimuli are related to high levels of instrumental support. It may be the case that fathers with overactive AI have an excessive autonomic response to the cry stimuli, which then leads to an increased response by the AI. Alternatively, these fathers may focus excessively on interoceptive feedback from the body (Barrett et al., 2004; Terasawa et al., 2011) , a bias in processing thought to be predictive of anxiety-related pathology Paulus and Stein, 2010) . One prominent account of the insula's role in anxiety is that top-down cognitive appraisal exaggerates the threat-value of a stimulus (in this case, a cry), leading to an augmented interoceptive signal from the AI that can lead to behavioral avoidance . A testable hypothesis that emerges from this theory and from the present data is that fathers who have an overly negative or catastrophizing cognitive appraisal of cries (e.g. 'I am a terrible father' or 'This baby is turning into a brat') have enhanced interoceptive responses in the AI that lead to distress, and as a result, find it more aversive to engage with their child. Future studies coupling psychophysiological responses to cries with functional imaging will be necessary to determine which interpretation is most likely. Relatedly, the acquisition of self-reported levels of anxiety and distress would help explain the role of arousal and interoceptive processes in fathers' responses to infant cries.
In addition, activity in AI was negatively related with restrictiveness scores, and a whole-brain analysis revealed multiple additional regions of activity that were inversely correlated with restrictiveness, including regions important for empathy (bilateral IFG) and for emotion processing (Roy et al., 2012) and regulation (Diekhof et al., 2011) (OFC) . In general, studies have shown that restrictive parenting attitudes, as assessed using the CRPR, predict poorer child social and cognitive outcomes (Sommerfelt et al., 1995; Smith et al., 2000; Lindhout et al., 2009) . Parents who heavily endorse restrictiveness attitudes are characterized as more controlling of children's behaviors and feelings and tend to be more reliant on punishment (Rickel and Biasatti, 1982) . We interpret this result to suggest that restrictive fathers are less empathic and more punitive, and this may be reflected by decreased activity in the AI, IFG and OFC in response to cries. Related, it may be that hypoactivity in these regions that are known to be important for empathy and emotion regulation is causal in its relationship with restrictive and punitive attitudes.
Neither are very low levels of restrictiveness expected to be ideal as the least restrictive fathers in our sample have the highest AI activity, which is related to decreased responsibility. There is evidence to support the notion that moderate levels of restrictiveness are more predictive of positive child outcomes. First, one longitudinal study parsed mothers into groups based on their child's social and cognitive outcomes and found that although the most successful mothers were those with high levels of warmth and low levels of restrictiveness over the first 24 months of their child's life, restrictiveness increased in these mothers as their children moved into the second year of life (Smith et al., 2000) . The authors interpreted this to suggest that the most optimal maternal attitudes left latitude for a moderate amount of restriction. Second, extensive literature on parenting styles suggests that the style most predictive of good child outcomes is the authoritative style, which couples high warmth with boundary-setting and enforcement of rules (Steinberg et al., 1992; Darling and Steinberg, 1993) .
LIMITATIONS AND FUTURE STUDIES
The interpretations outlined earlier hinge on the supposition that activity in the AI is causal in its relationship with paternal behavior and attitudes. However, it could also be the case that men who engage less with their children are unaccustomed to hearing a child in distress, and as a result, find it more aversive. These models are admittedly speculative, but they can be further tested with longitudinal studies that would allow researchers to more definitively test whether optimal AI responding to infant cries predicts future paternal engagement. Such a study would also mitigate another potential limitation of this study, which is that fathers' children were older than the infants whose cries were used as stimuli. A longitudinal study would allow researchers to test the possibility that paternal responses to cries depend on the age of the father's child.
Our modest sample size gives rise to a number of limitations: (i) although paternal AI activation explains significant variance in caregiving, the proportion of explained variance is small (R 2 ¼ 0.18), and the significance could be driven by a small number of influential data points; (ii) although the primary aim of this study was to investigate biological and behavioral predictors of the neural response to cries, our findings point to potential mediation models by which genes act on the brain to influence paternal behavior and attitudes. Although AR CAG repeat number explains a small but significant amount of variance in paternal brain function, which in turn explains a small but significant amount of the variance in paternal restrictiveness and caregiving behavior, there is not a significant relationship between AR CAG repeat numbers and restrictiveness or caregiving. Thus, we cannot test mediation models with the current data set. It may be that we were underpowered to find such associations, and future studies might be designed to test the models suggested by the data presented here.
Although we have no reason to believe that the fathers recruited for this study have a history of abuse or maltreatment, the findings from this presumably healthy population nevertheless highlight the importance of interventions aimed at optimizing the paternal response to infant cries, particularly for abusive fathers and fathers with postpartum depression. Given that infant crying is a common trigger for paternal abuse, fathers should be educated about infant crying. One ongoing program, the PURPLE Crying program, teaches parents that inconsolable infant crying is normal and understandably frustrating, and that it does not reflect bad parenting (Barr, 2012) . In addition, meditation interventions have shown promise for reducing stress and negative affect in new moms (Duncan and Bardacke, 2010) , and may be an effective intervention for decreasing aggression and increasing compassion in fathers. Finally, pharmacological interventions, such as intranasal OT (Naber et al., 2010 (Naber et al., , 2013 , may help to reduce frustration and enhance empathy in at-risk fathers. Neuroimaging could be used to evaluate the effectiveness of these interventions, and the prediction arising from the data presented here is that efficacy will be related to augmenting the neural response in the AI in fathers suffering from empathy deficits, while reducing it in fathers prone to frustration and distress.
SUPPLEMENTARY DATA Supplementary data are available at SCAN online.
